Measurements of lattice distortion due to a slip band were carried out and compared with the theoretically estimated values. A simple model of a single-slip system with uniformly distributed dislocations in a narrow planar slip band was adopted. It was shown that both the effect of all dislocations in the slip band and the surface relaxation must be taken into account.
I. Introduction
A symmetrical bicrystal of Fe-6at.% Si was slightly deformed so that individual slip bands stopped at the grain boundary. Only one slip system was operating. The symmetrical grain boundary was parallel to the crystallographic plane (]-I2)A --(IT2)e and can be described by the mutual rotation of grains A and B by an angle of 70.5 about the [I 10] direction. The slip was parallel to a (111) direction and the corresponding slip plane was the plane with maximum resolved shear stress. Four X-ray topographic techniques (Polcarovfi & Bradler, 1987) , namely Lang reflection topography, topography with a monochromatic divergent beam (TMD). double-crystal topography (DC) and a modified Schulz technique sensitive to small lattice distortions were used to study the deformations and rotations due to slip bands. The information obtained was qualitatively explained by the following simple model: the slip band was approximated by a macrodislocation situated at its head (Polcarovfi & BrAdler, 1988) followed by a row of uniformly distributed dislocations. The Burgers vector of the macrodislocation was estimated to be tens to hundreds of unit Burgers vectors. The Burgers vector is parallel to the [lll]t~ direction if the direction of the dislocation line is [351] n and the FS/RH convention is used (Hirth & Lothe, 1982) .
A quantitative interpretation of the experiments will be given in this paper. To demonstrate the power of different methods the examples of topographs show the same segment of the specimen throughout the three parts of the paper. In paper I the lattice distortion due to a row of uniformly distributed 0021-8898/91/040316-08503.00 dislocations is calculated and compared with the results obtained by the TMD method. Paper II (Polcarovfi, Gemperlovfi & Brfidler, 1991a ) deals with the lattice distortion caused by the macrodislocation; the measurements by the DC method are interpreted. Finally, in paper III (Polcarovti, Gemperlovfi & Brfidler, 1991b) the topographic image in Schulz topographs is simulated. In all mentioned interpretations and comparisons the calculation of the elastic displacement u is essential or, more precisely, its component along the diffraction vector, g, i.e.u.g. Therefore the first aim is to find an appropriate displacement.
As a result of the small penetration depth of X-rays the image in reflection topographs is affected mainly by thin subsurface layers. If the expressions ['or the strain in an infinite body are used for the calculation of the intensity of the diffracted X-ray beam the results are incorrect and do not agree with experimental observation. In the present paper it is shown that the measured distortion is substantially affected by surface relaxation of stresses and this effect was taken into account in all theoretical calculations of displacement.
Finding the displacements and stresses in a finite or semi-infinite body, the boundary (i.e. interface or free surface) of which is loaded by applied forces, is a well known problem in the theory of elasticity (for example Muschelischvili, 1953; Lurje, 1963) and several methods exist for its solution.
The displacement due to a general dislocation meeting the surface obliquely was given by Yoffe (1961) . The expressions are rather cumbersome and can be treated only numerically. The displacement of a row of such dislocations is the sum of the displacements of the individual dislocations at given positions. Note that an estimate of lattice distortions could be done without numerical calculation, but the latter are inevitable in papers II and III.
The surface relaxation of stresses due to a row of dislocations can be obtained in a simple way. First the stresses of the row of infinite dislocations are estimated at the free surface. Then the additional corresponding displacements are found so that the total normal stresses at the boundary vanish. The results of this approach will be compared with the exact solution obtained for an array of screw dislocations meeting the surface normally.
Dislocation array
Only that part of the slip band without its head will be considered in this paper instead of the whole slip band. The following simple model of such a slip band is suggested for only one active slip system. Dislocation sources operate in parallel slip planes. As the mobility of edge dislocations is higher than that of screw dislocations, the long screw parts having (111) direction of dislocation loops remain in the crystal. Screw dislocations of both signs are present in the band. They arrange themselves so as to minimize the total energy. The lattice rotations, which can be measured, are caused by an excess of dislocations of one sign of the Burgers vector. Other dislocations compensate mutually and do not contribute to the long-range strain. Experimental evidence (Shen, Wagoner & Clark, 1986 : Polcarovfi & Brfidler, 1988 indicates that the distribution of dislocations in the pileup at the grain boundary does not follow the theoretical distribution (Hirth & Lothe, 1982) . According to our observations, the real distribution can be well approximated by a uniform distribution of dislocations at least in certain parts far from the head of the slip band.
An estimate of lattice rotations due to a uniform distribution of infinite screw dislocations is treated first.
The displacement due to an infinite screw dislocation lying along the z~) axis (XD and YD axes are perpendicular to this), w = (b/2rr) arctan(vD/X~), gives rise to two rotations:
( 1 )
Let the plane YD= 0 be the slip plane and the distance of dislocations measured along the x axis be d. The rotations due to the infinite row of discrete dislocations are Decomposing the sums in terms "J_LT,=-~ l/(x' * iy' -n') using the formula (Prudnikov, Brytchkov & Maritchev, 1981 ) ~" l/(n + a) k n=--,'x, = ( -1 )k -I [rr/(k -1 )!]d k -i cotrra/da k -i and separating the real and imaginary parts of cot(x + iy), we obtain
Near the slip band, the expressions (2) are oscillating. However, already at the distance YD = 2d we have constant values, independent of the position from the slip band:
(3)
The same values are obtained if the distribution of discrete dislocations is replaced by a homogeneous continuous distribution of infinitesimal dislocations with Burgers vector density b/d. In this case, we obtain
For the description of our model, a semi-infinite distribution of dislocations, i.e. dislocations situated at points XD~ (--L, 0), where L extends to infinity, will be more suitable:
At the center of the slip band, where the measurements of lattice rotations will be carried out, xo = -L/2. Extending L to infinity, the values of (3) are once more obtained.
Surface relaxation
Generally the slip plane may be inclined to the free surface. It is then suitable to choose a new coordinate system. Let the free surface be the plane zR = z = 0 and the xR axis be the intersection line of the slip plane and the free surface. In this coordinate system, all three components r,_ (i=xR,ymzR) will be present, though in the dislocation coordinate system only the shear stress rx-is different from zero [see (3)]. ~-~= are constant and at the free surface, z = 0, change sign with YR as the slip-plane normal (the Yo axis in the dislocation coordinate system) is perpent dicular to xR. The additional stresses z;/must fulfil the conditions ~-~_ + r,: = 0 at z = 0. For the loading shear and normal stresses %= and r::, the problem is a plane one (Muschelischvili, 1953; Coker & Filon, 1957) . The loading shear stress rx.. represents the anti-plane problem (Milne-Thomson, 1962): r.'~y and rx: are functions of YR and z only, r'___ = r~.,.' = 7-,.:' = 0. To solve the problem of uniformly d~stributed loading stresses along the yR axis, we first integrate over a limited segment of the length C the solutions for point forces F~ = r,. We then extend the length of the segment to infinity. For the opposite sign of YR, the forces according to (3) are opposite (Fig. 1 
required for the problem is then given by
where u is the sum of three displacements Uxz, Uy= and u= involved by point forces F~ = rx_-, Fy = %._ and F_ = Z~z. The displacements for point forces F~, and 17 are given in Muschelischvili (1953) , Coker & Filon (1957) or Brilla (1958) . For a force component Fx, the additional displacement was found so that the solution for a row of screw dislocations parallel to the z axis is equal, for points on the free surface, to the expression for a row of screw dislocations meeting the surface normally (Eshelby & Stroh, 1951) . The analytical expressions for U in the free surface coordinate system are presented in Appendix A. Lattice distortions are determined by the derivatives of displacements. At points of the free surface z = 0, we obtain
(
where A = rrsgnyR, B = --lnl(y~ -C2)/y2l, l.z and v are the shear modulus and Poisson ratio, respectively; we put v = 1/3. It must be considered that the relative lattice rotation is measured, i.e. the difference in lattice distortion below and above the slip band which is characterized by the difference 
Special case
In the present experimental arrangement the row of screw dislocations lying in the [111] direction and having the slip plane_(211) was observed. The free surface is the plane (110) (3)]. Putting Ow/Oxo = p, we obtain in the free surface coordinate system: r,:_ = -[5/2(33~2)]#p, %: = -[2/(66)1 2]#p, r:: = -(2/6~ 2)/zp.
The variation of the departure from the Bragg angle 08 is given by the expression
Notice that in fact the difference in lattice distortions below and above the slip (Fig. 2) is measured by the TMD method, i.e.
As we are looking for the relative lattice distortion (7), we do not take into account term B in (4). The Adding these contributions to the values due to the row of infinite dislocations, A6°2 = + 0.943b/d, A~°g2 = -0"25Oh~d, we obtain for the total A6 e the values:
Note that the contributions due to surface relaxation change the sign of the relative lattice rotations for the g2 reflection.
Dislocation array meeting the surface obliquely
The displacement of a straight dislocation meeting the free surface of an isotropic elastic body for any angle of incidence was given by Yoffe (1961) , partially in harmonic functions. To find the displacements and their derivatives, the program REDUCE2 (Hearn, 1981) was used. Some misprints in the paper by Yoffe (1961) were corrected (see Appendix B).
The rows of two types of dislocations were treated. Both dislocations have slip plane (211) which intersects the free surface along the [113] direction (Fig.  2) . First the screw dislocations lying in the [111] direction at an angle a = 35"26 ° with the z axis, which is the free surface normal [110], was considered. The plane x = 0 is the plane (1]-0) and the y axis lies in the [001] direction (Fig. 3) . Secondly, we suppose that near the grain boundary the dislocations become parallel to the intersection line of the slip plane and the grain boundary plane, i.e. to the [351] direction. Such a dislocation line is shown in Fig. 4 . It makes an angle a =-17 ° with the free surface normal. The differences A6g in the variation of the departure from the Bragg angle 6(AO) given by (7), which characterize the differences in lattice distortion below and above the slip band, were calculated for diffraction vectors gt = [211] and g2 = [121] (Fig. 5 ) and for 2n + 1 dislocations uniformly spaced by a distance d. The distance between exits of dislocations at the free surface is d'. It is related to the distance d between dislocations by the relation d = d'sin/3, where/3 is the angle between the direction of the dislocation line and the row line xR. The results are summarized in Table 1 for different distances yR (Fig. 2) from the row of dislocations. Note that at the points of the free surface near the row center, xR = 0, the difference ASg is then a function of the distance from the array y and the number of dislocations:
where xR = kd ', y~ = y'd', r 2= x~ + y~, p and q are constants. It is evident that the sum of the second term is zero. If the same method is used as in §2, the sum of the first term can be expressed using (Prudnikov, Brytchkov & Maritchev, 1981) 1/(k 2 -z 2) = (1/2z) [g,(n + I -z For Izl >> 1 and largzl < rr, the following approximation is valid:
Therefore, for y' > 2 (YR > 2d), cothrry' = sgny' and considering that the measurement is carried out with a certain accuracy, we can neglect all terms but the first: X sc_[_ew dislocation
[111] Fig. 3 . The free surface coordinate system for the screw dislocation line meeting the free surface, a = 35.2& is the angle between the dislocation line and the free surface normal (z axis).
x is parallel to the fIT0] direction. The magnitude A6g depends only on the ratio y'/(n + 1). It suffices to carry out the calculation only for n = 100. 
Experimental results
The distortion caused by an excess of dislocations of one sign in the slip band was measured by the TMD method (Polcarovfi & Brfidler, 1987) . The shift of the stripe below and above the slip band is AXR = --(wp + AOB)ly~/yo = A6gly~/yo, where wp is the mutual rotation and AOB the difference in the Bragg angles of the two regions, l is the distance of the photographic film from the sample, yo and y~ being cosines of the angles between the surface normal and incident and diffracted beams, respectively. AS~ is determined in §5. Examples of topographs are shown in Fig. 6 . The mean values of A8~ measured on several slip bands are summarized in Table 2 together with the mean spacings of dislocations found using the theoretical results (Table 1) .
Discussion
The infinite row of infinite screw dislocations parallel to the ZD axis gives rise to a constant rotation Ow/Oxo which has opposite signs below and above the slip plane yo = O. If the slip plane is arbitrarily inclined to the free surface and the surface relaxation is calculated by the analytical method, the lattice distortion expressed in the TMD method by the variation of the departure from the Bragg angle 6(A0) has a constant value at the free surface points. Its sign is opposite in half-planes below and above the intersection line of the slip plane with the free surface. If ~(AO) is calculated as a finite sum of dislocations meeting the free surface obliquely, its value at the center of the row varies with distance from the row, YR, and the number of dislocations according to (8) . It reaches the analytical value for YR = 0, which is obvious if we put n----oo in (8). The contribution to 6(dO) due to the surface relaxation is important and it can change the sign of non-relaxed values. For a given diffraction its magnitude depends on the inclination of the dislocation lines to the free surface. The values are greater for the screw dislocations lying perpendicular to the free surface than for the [351] dislocations lying obliquely.
In the present experimental arrangement the diffraction vectors gl and g2 are symmetrical with respect to the y axis ( Fig. 5 ). For the screw dislocation perpendicular to the free surface we obtain the same value of 6(AO) for both reflections. The [33i] dislocation, whose screw part predominates, makes a smaller angle with the free surface normal than the screw dislocation [TT1]. The ratio t~(dOg2)/~(AOgl) for the [35T] dislocation is therefore greater than for the [TT1] dislocation. The present method of calculation of the additional displacement due to surface relaxation can be used for a row of edge dislocations too.
Below the free surface, 6(AO) decreases with increasing depth and at z = 10yR it reaches the nonrelaxed value.
The values of A6g shown in Table 2 rovfi & Brfidler, 1988) it was supposed that the slip bands are formed mainly by screw dislocations, but near the free surface the dislocations bend to make a small angle with the surface normal (Novfik, 1988) . The mean distances of dislocations in the band were determined using the constants calculated for both directions of dislocation lines. The distances obtained from both reflections agree better with each other if the direction [351] is assumed. This is quite understandable regarding the better agreement of the ratios Aa~2/Aax~. In any case the distances vary between 1 and 4 Ix m which correspond very well with the observations of slip bands by other methods (George, 1988; Shen, Wagoner & Clark, 1986 ). It appears that smaller mean distances are obtained for slip bands showing stronger extinction contrast in the topographs. 
APPENDIX A
The displacements due to a normal tension r== applied along the y axis at ( -C, C) ( Fig. 1) have the following form (to simplify the expressions y is written instead of yR, z~ = z): 2/x~-U==(y,z) = 0,
APPENDIX B
Corrected misprints in the paper by Yoffe (1961) : minus before the third term of displacement w for oblique dislocation b,; the missing variable x before the bracket in the second and third terms and incorrect 4rr replaced by 2"n-in the first term for displacement ~, of oblique dislocation b.~.; and the first term for displacement w for oblique dislocation b= was replaced by:
( 
